Introduction
Glutathione (GSH; c-glutamylcysteinyl glycine) is an For many years, considerable interest has been drawn to abundant and ubiquitous thiol with proposed roles in the functions of glutathione (GSH; c-glutamylcysteinyl the storage and transport of reduced sulphur, the synglycine) due to its unique structural properties, abundthesis of proteins and nucleic acids and as a modulator ance, broad redox potential, and wide distribution in of enzyme activity. The level of glutathione has also most living organisms. Its notable stability derives from been shown to correlate with the adaptation of plants the c-glutamyl linkage, whilst the strong nucleophilic to extremes of temperature, in the tolerance of plants nature of the central cysteine make it a powerful cellular to xenobiotics and to biotic and abiotic environmental reductant. In consequence, reduced glutathione is one of stresses. In addition, the size of the reduced glutathe most efficient scavengers of peroxides arising as thione pool shows marked alterations in response to by-products of cellular metabolism or during oxidative a number of environmental conditions. Taken together, stress. Since the potential for oxidative stress is permanent these findings have prompted intense efforts to charand inescapable, the evolution of aerobic life-forms has acterize in detail the mechanisms underlying glutabeen to a large extent dependent upon the conservation thione homeostasis in plants and to elucidate the role of efficient antioxidant defences. The efficiency with which of these responses in the strategies plants have the oxidized dithiol (GSSG) can be converted back to evolved to adapt to environmental stresses. The aim GSH during the reductive inactivation of peroxides conof this review is to assess recent biochemical, molecutributes to the centrality of GSH in antioxidant defences. lar, genetic, and physiological advances which are A dependence upon a molecule as versatile as GSH increasing our understanding of the mechanisms by probably underlies its ubiquity. In turn, its conservation which plant glutathione homeostasis is controlled and since the origin of aerobic life may explain the diversity the role of glutathione in the integration of cellular of functions to which it has been recruited. processes with plant growth and development under
Knowledge of the functions of glutathione in plants stress.
has expanded rapidly in recent years. In a concise overview, Alscher (1989) condensed the growing excitement of plant biotechnologists that GSH would turn out to be Key words: Glutathione, cloning, mutant, spatial mapping, plant development, stress.
the molecule in which to invest effort. Not only were elevated levels of GSH correlated with environmental will be determined by a complex interplay between a number of metabolic factors (cysteine availability, biosynstress tolerance but, in addition, enhanced GSH synthesis appeared to be an intrinsic response of plants to stress. thetic enzyme activity, degradation, oxidation, and chelation), superimposed on which, environmental constraints Given that a crucial factor in determining plant growth during environmental stress will be the speed with which (photoperiod, xenobiotics, extremes of temperature, and oxidative stress) will exert critical influences. The current defences are mobilized, the GSH biosynthetic pathway presented a very attractive target for genetic engineering.
state of knowledge about the regulation of GSH biosynthesis is reviewed here. Interest was further fuelled by emerging evidence which highlighted a role for GSH in the modulation of carbon
The glutathione biosynthetic pathway partitioning and energy flux and in the selective and massive induction of genes involved in the defences of Biosynthesis of GSH in all organisms studied to date plants against pathogens (Alscher, 1989) . Clear challenges occurs in two steps. In the first, catalysed by c-glutamyland experimental priorities for the future were set, providcysteine synthetase (c-ECS, EC 6.3.2.2), c-glutamylcysting good grounds to believe that, very soon, GSH would eine is synthesized from -glutamate and -cysteine (I ). find its niche in the rapidly growing field of signal
In the second step, catalysed by glutathione synthetase transduction and that plants with enhanced tolerance to (GSHS, EC 6.3.2. 3), glycine is added to the C-terminal stresses of biotic, abiotic and anthropogenic origin were site of c-glutamylcysteine to yield GSH (II ) tangibly within reach. Bergmann, 1988, 1990 ). The explosion of interest which has followed has yielded -Glu+-Cys+ATP -c-Glu--Cys+ADP+P i an increasingly detailed but eclectic picture of how GSH (I ) may participate in the mechanisms by which plants deploy their defences and modify their growth and development -c-Glu--Cys+Gly+ATP in an effort to tune their sessile lifestyle to environmental constraints. The present review is therefore a timely -c-Glu--Cys-Gly+ADP+P i (II ) opportunity to assess the current understanding of the Both enzymes are found in the cytosol and plastids of biosynthesis and function of GSH in plants but, given both roots and leaves, but apparently not in the mitochonthe immense literature on this subject, it is of necessity dria Bergmann, 1988, 1990 ; Rü egsegger and selective. The focus here is specifically on two aspects Brunold, 1993) . Whether plant mitochondria possess the that are central to an understanding of the role of GSH GSH uptake transporter and exchange transporter in plants. Firstly, recent progress towards an understanddescribed in animals (Martensson et al., 1990 ) remains ing of how GSH biosynthesis is regulated has been to be established. assessed and, secondly, the impact of alterations in the level and redox status of glutathione on the integration c-Glutamylcysteine synthetase and glutathione synthetase of cellular processes with adaptations to environmental cDNAs stresses is considered.
In doing so the aim is to develop an experimentally The potential to enhance GSH levels by genetic engineering of its own biosynthetic pathway is clearly an attractive accessible framework which identifies what is believed to be the exciting challenges for future research and which proposition (Noctor et al., 1998) . Because of their low activity and lability, however, neither of the enzymes have will allow an exploration of how the synthesis and function of GSH integrates into plant metabolism and develbeen purified to homogeneity from any plant species and, with the exception of tobacco (Hell and Bergmann, 1988 , opment as a whole. For further aspects of GSH metabolism and function in plants not covered in this 1990), current understanding of the biochemistry of GSH biosynthesis in plants is, by consequence, still rudimentreview, the reader is referred to the reviews of Steffens (1990) , Marrs (1996) and Kreuz et al. (1996) .
ary. This lack of structural data presents a serious obstacle to conventional cloning procedures. Recently, however, through complementation of E. coli and Saccharomyces
Glutathione homeostasis in plants: the regulation cerevisiae, mutants deficient in these enzymes, these probof biosynthesis lems have been circumvented and cDNAs encoding c-ECS (May and Leaver, 1994; Ullmann et al., 1997) and The ability of reduced GSH to participate in the redox regulation of cellular processes is thought to be largely GSHS (Rawlins et al., 1995; Ullmann et al., 1996) have been isolated from Arabidopsis thaliana. ESTs encoding dependent upon its concentration and the ratio between GSH and GSSG. Thus identification of the factors which these enzymes have recently been described from rice and cDNAs encoding c-ECS from tomato ( Kovari et al., act to modify the level, redox status and spatial distribution of GSH in plants will be essential to understand the 1997) and Brassica juncea (Schäfer et al., 1997) all display high sequence homology. Biochemical analyses have demfunction of GSH. Cellular GSH homeostasis in plants onstrated that GSH synthesis occurs both in the cytosol mutant host (May et al., unpublished results; May and Leaver, 1994) . Reversion to the air-sensitive mutant and the chloroplasts in all of the species analysed to date (Rü egsegger and Brunold, 1993; phenotype could be induced by treatment of the transformants with BSO. The true identity of this clone has 1988, 1990) . Rather surprisingly, the Arabidopsis c-ECS and GSHS cDNAs (AtcECS and AtGSHS ) are represnow been unambiguously resolved by measurement of c-ECS activity in yeast extracts by post-reaction derivatizented by a single copy in the Arabidopsis genome. Given that the selection screens were probably saturating, it is ation of reaction products with monobromobimane and HPLC analysis (May et al., unpublished results) . likely that either the DNA sequences of the chloroplastic Nevertheless, the transformed mutants, like the transand cytosolic isoforms are sufficiently divergent to impair formed E. coli mutants accumulated glutathione to only cross-hybridization at high stringency, or that post-10% of the wild-type levels. Why expression of the cDNA transcriptional mechanisms operate to generate the two in heterologous mutant hosts yields a protein of such isoforms.
poor activity is puzzling, particularly since expression of the AtGSHS cDNA fully restores GSH levels, indicating The AtcECS identity debate that problems arising through different codon usage is Although expression of the Arabidopsis GSHS sequence not likely to be at the root of this phenomenon. Poor in the mutant E. coli background raised GSH levels to availability of substrates was not responsible for this those of wild type, expression of the c-ECS cDNA did discrepancy either since supplementation of cysteine to not. Furthermore, whilst the GSHS sequence shares the growth media did not raise the levels of GSH in the extensive sequence homology with cDNAs from other transformed yeast mutant. An attractive possibility to eukaryotes, the Arabidopsis c-ECS sequence is highly explain why GSH synthesis is so inefficient in both yeast divergent. It is unclear why the primary sequence of and E. coli transformed with the Arabidopsis c-ECS is GSHS has been relatively conserved between eukaryotes, that additional, plant-specific regulatory proteins such as yet that of c-ECS has diverged so strongly, with only protein kinases which interact with Arabidopsis c-ECS apparently critical regions of the sequence being conserved are lacking. The level of GSH obtained upon expression between plants and other organisms (May and Leaver, of this sequence may simply reflect the basal threshold 1994). This is all the more surprising when one considers activity of the catalytically active subunit and in the that the c-ECS from plants and other organisms all share absence of plant-specific cofactors the maximal rate is similar substrate specificities and are all inhibited by never achieved.
-buthionine [S,R] sulphoximine (BSO) (Griffith and
The most compelling indication as to the true identity Meister, 1979) and GSH (Richman and Meister, 1975) .
of this clone came very recently, when the genomic The puzzling structural and functional peculiarities of sequence of c-ECS from cad2-1, a cadmium-sensitive the Arabidopsis c-ECS clone, the failure of the cDNA mutant of Arabidopsis with only 15-30% wild-type GSH product to restore GSH levels in the heterologous mutant was determined (Howden et al., 1995;  Cobbett et al., host and the potential ambiguities of the assay used to unpublished results). A 6 bp deletion was identified which measure the activity of the gene product have raised open would generate an in-frame deletion of two amino acids. questions as to its true identity (Brunold and Rennenberg, Complementation of the mutant with a wild-type Atc-1996) . A number of independent lines of evidence are ECS genomic clone restored cadmium resistance which now helping to resolve these issues. Recently, a derived correlated with restored GSH levels and restored c-ECS amino acid peptide sequence of a c-ECS cDNA from activity in 11 independent transformants (Cobbett et al., Trypanosoma brucei which spans a highly conserved cystunpublished results). Similar results have also been eine residue believed to be part of the active site of the obtained through overexpression of a tomato cDNA rat enzyme was used to search the databases. Amongst showing 92% amino acid sequence similarity with Atcthe sequences retrieved by this method was the cloned ECS in cad2 ( Kovari et al., 1997). Clearly cad2-1, alongArabidopsis thaliana c-ECS sequence (May and Leaver, side transgenic plants will be pivotal in establishing an 1994), but not the E. coli sequence, and considerable understanding of how c-ECS is regulated in Arabidopsis similarity is evident ( Fig 1. ; Lueder and Phillips, 1996) . and in determining the contribution of biosynthesis to This would suggest considerable structural redundancy in GSH homeostasis in this model system. eukaryotic c-ECS with stringent conservation of critical Thus, unambiguous measurement of c-ECS activity, motifs. Secondly, complementation of an oxygen-sensitive conservation of critical sequence motifs and the ability of yeast mutant in which the gene encoding c-ECS has been the cDNA to restore c-ECS activity and GSH levels in a disrupted, with an Arabidopsis cDNA expression library mutant of Arabidopsis with impaired c-ECS activity yielded clones which restored aerobic growth and which through a mutation in the c-ECS gene unequivocally had sequences identical to the previously described clone, prove the identity of the cDNA originally described (May and Leaver, 1994) . The biggest challenge remains to isolated by a different screening procedure in a different establish the molecular details of why expression of this foliar GSH in transgenic poplars demonstrates that elevation of this activity removes a major limitation over the sequence in heterologous mutant hosts yields such an inefficient protein.
rate of GSH synthesis and implies that the synthesis of c-EC is held out of equilibrium in untransformed poplars Noctor et al., 1996) . The in vivo Regulation of the glutathione biosynthetic pathway: control capacity of GSHS does not appear kinetically to limit the by c-ECS synthesis of GSH since overexpression of bacterial GSHS Amongst the responses of plants to environmental stresses in poplar did not alter GSH levels, even when c-EC was are considerable increases in the pool of GSH which have fed to leaf discs with a 50-fold higher GSHS activity, been measured in response to chilling, heat shock, pathoadding support to the proposition that c-ECS is the rategen attack, AOS accumulation, air pollution, or drought limiting activity in the GSH biosynthetic pathway in (Sen Gupta et al., 1991; Guri, 1983; Madamanchi and plants. Direct evidence for the rate-limiting nature of cAlscher, 1991; Nieto-Sotelo and Ho, 1986; Dhindsa, 1991;  ECS came recently from analysis of the cad2-1 mutant of Kocsy et al., 1996; Edwards et al., 1991; Arabidopsis, in which the c-ECS gene is mutated. The 1993; May et al., 1996a, b; Smith et al., 1984 Smith et al., , 1985 . mutation, which results in a 2-amino acid deletion in the Concerted effort in recent years has given indications of mature protein results in a 60% reduction in the extractthe physiological significance of environmentally-induced able c-ECS activity compared to the wild type. In this changes in the pool size of GSH and how GSH functions mutant the GSHS activity is unaltered. Whilst transin mechanisms which serve to maintain redox poise during formation of cad2-1 with the wild-type c-ECS gene stress. Emerging evidence indicates that it is increases in restored cadmium tolerance, GSH levels and c-ECS activthe activity of c-ECS which underly many of these ity to, or above, wild-type levels, the GSHS activity did responses. Elevated GSH levels arising through increased not change, demonstrating unequivocally that c-ECS in c-ECS activities have been measured in extracts of pea, planta is the limiting enzyme of GSH biosynthesis tobacco, maize, and tomato treated with cadmium (Cobbett et al., unpublished results) . These data indicate (Rü egsegger and Brunold, 1992; Rü egsegger et al., 1990;  that plants overexpressing c-ECS may have increased Chen and Goldsbrough, 1994) and cadmium tolerance in tolerance to a number of environmental stresses through tomato cell lines correlates with increased c-ECS activity removal of the limitation on GSH synthesis imposed by (Chen and Goldsbrough, 1994) . Similarly, herbicide safendogenously low levels of c-ECS activity. Preliminary ener treatment increases GSH levels through enhanced cdata show that overexpression of tomato and Arabidopsis ECS activity in maize and tobacco (Rennenberg et al., c-ECS in the cadmium-sensitive Arabidopsis mutant, cad2, 1982) and increased c-ECS activity and GSH levels restores cadmium tolerance (Cobbett and May, 1997; correlates with chilling tolerance in maize ( Kocsy et al., Kovari et al., 1997) . Taken together these data strongly 1996). The demand-driven increases in cellular GSH imply that the supply of c-EC restricts the production levels observed implies the existence of stress sensors and and that c-ECS is the rate-limiting step in GSH biosynsignal transduction cascades which elicit the response of thesis in plants and that in vivo, feedback inhibition by the GSH biosynthetic pathway. The characterization of GSH, if it does exist, can readily be overcome. If this is these sensory systems and the identification of the factors indeed the case, then alternative mechanisms for the controlling c-ECS activity are clearly major priorities if control of c-ECS must be envisaged. there is to be an understanding of how the synthesis of GSH is controlled in plants.
Regulation of c-ECS activity biosynthesis during stress It is generally accepted that c-ECS is the rate-limiting step in GSH biosynthesis, and a major limitation on flux Preliminary data suggests that both transcriptional and post-translational mechanisms may contribute to the through the GSH biosynthetic pathway is generally thought to be exerted through feedback inhibition of cregulation of plant c-ECS. For example, in Brassica juncea, stimulation of c-ECS transcript accumulation by ECS by GSH. Although feedback inhibition of c-ECS by non-covalent binding of reduced GSH can be readily heavy metal treatment has been reported (Schäfer et al., 1997) . In Arabidopsis, however, the situation appears demonstrated in vitro and K i values have been calculated ( Richman and Meister, 1975; Hell and Bergmann, 1990) , more complex. A number of lines of evidence indicate that in Arabidopsis, c-ECS is regulated by postit is now clear that in vivo, synthesis can continue or be stimulated even when the levels of GSH considerably transcriptional mechanisms. In yeast and E. coli mutants deficient in c-ECS, which express Atc-ECS, the level of exceed the K i of c-ECS. Data from transgenic plants rather implies that in vivo, cysteine availability plays an GSH correlates with the extractable c-ECS activity, yet in both never exceeds 10% wild-type levels. This suggests important role in determining cellular GSH concentration through kinetic restriction of c-ECS. Observations that that features intrinsic to the protein are responsible for the poor GSH synthesis, and plant-specific factors, absent overexpression of c-ECS bring about marked increases in in heterologous hosts may be necessary for full catalytic comes from reports that the demand for increased GSH activity. Support for this comes from the finding that synthesis in plants treated with cadmium (Rü egsegger expression of the Arabidopsis c-ECS gene in cad2-1 fully and Brunold, 1992; Rü egsegger et al., 1990; Chen and restored GSH levels and c-ECS activity (Cobbett et al., Goldsbrough, 1994) or herbicide safeners (Hell, 1997; unpublished results) . Further evidence for the existence Rü eggseger and Brunold, 1992) is accommodated by an of such plant-specific factors came from the analysis of activation of c-ECS activity and, in parallel, substantial GSH synthesis in Arabidopsis cell cultures treated with a increases in the activity of key enzymes responsible for number of stress agents. In response to oxidative stress, S-assimilation ( Farago et al., 1994) . In addition, herbicide herbicide safener or heavy metals, substantial increases safeners also activate a global up-regulation of other in the levels of GSH correlated uniquely with increases enzymes involved in the metabolism of GSH (Marrs, in the activity of c-ECS; changes in the activity of GSHS 1996; Kreuz et al., 1996) . As an environmental adaptaor in the steady-state levels of c-ECS or GSHS transcripts tion, the ability to co-ordinate increases in the flux were undetectable. This demonstrated the existence of through both the pathways of sulphur assimilation and post-transcriptional mechanisms which specifically and glutathione synthesis is of obvious value since the kinetic rapidly activate c-ECS (May et al., unpublished results).
restriction of c-ECS activity by cysteine would be alleviObvious candidates which could activate c-ECS are proated, thereby assuring efficient synthesis of GSH during tein kinases or phosphatases as is known for animal cstress responses. ECS (Sun et al., 1996) and indeed sequence analysis using Considerable progress in the molecular characterization the PROSITE program identified amino acid motifs which of the pathway for sulphur assimilation in Arabidopsis could potentially be phosphorylated by protein kinases A has yielded the molecular tools necessary to address the and C, calmodulin-dependent kinase and cdc2a. It is of question of how this regulation occurs. Under conditions potential significance that the calmodulin-dependent of sulphur deficiency, expression of the genes encoding a kinase phosphorylation sequence motif spans the consulphate transporter, ATP sulphurylase, APS reductase served cysteine residue of the active site of the AtcECS and serine acetyltransferase is activated ( Hell, 1997 ; K sequence ( Fig. 1) . The integration of molecular and genSaito, personal communication). Changes in the GSH etic approaches with biochemical techniques hold much pool have been found to be dependent upon the supply promise for a rigorous understanding of how c-ECS of sulphate and correlate inversely with the activity of activity is regulated in plants.
these key components of the S-assimilation pathway (Lappartient and Touraine, 1996, 1997) . The inter-organ Control of c-ECS activity through the supply of cysteine:
signal molecule which reflects the root sulphur status and evidence for regulatory crosstalk between the pathways for elicits the demand-driven changes in root gene expression sulphur assimilation and glutathione synthesis and which regulates the subsequent changes in the S-assimilation pathway is GSH (Lappartient and Factors which control the catalytic activity of c-ECS are Touraine, 1997). Thus, whilst sulphur deficiency or a central to the processes which regulate the cellular GSH lowering of reduced GSH levels appears co-ordinately to pool. Recent studies strongly support the view that cystactivate the machinery necessary for the restoration of eine availability in plants, as in animals (Richman and GSH homeostasis, key components of this mechanism Meister, 1975) also plays an important role in determining are under tight feedback control through both short range cellular GSH concentration through kinetic restriction and long range signalling ( Fig. 4) . Consistent with this of the reaction catalysed by c-ECS (Farago et al., hypothesis is the finding that plants overexpressing 1994; Noctor et al., 1996 Noctor et al., , 1997 .
cysteine synthase do not significantly accumulate GSH Environmental conditions which stimulate synthesis of (Saito et al., 1994) . Interestingly, the cad2-1 mutant of GSH will therefore place an increased demand upon S-assimilation into cysteine. Support for this argument Arabidopsis is depleted in GSH through a mutation in Fig. 1 . Comparison of the deduced amino acid sequences of cDNAs encoding c-ECS from Trypanosoma brucei (T. brucei; Lueder and Philips, 1996) , Arabidopsis thaliana (A. thalia; May and Leaver, 1994), Rattus norvegicus (R. norveg; Yan and Meister, 1990) and Saccharomyces cerevisiae (S. cerevi; Ohtake and Yabuuchi, 1991). Numbers indicate the amino acid position in the sequence. Shaded boxes represent identical amino acids, the asterisk denotes the conserved cysteine residue and the underlined motif, MLRTCVQ on the Arabidopsis sequence represents a putative calmodulin-dependent protein kinase phosphorylation motif.
the c-ECS gene and accumulates cysteine to twice the ive if their synthesis cannot respond. An ability to monitor environmental change through changes in the activity of wild-type level and as such may be a good model system in which to study these regulatory interactions (Cobbett these proteins provides the shortest, and therefore the most effective link between the environment and mechanet al., unpublished results).
isms for the maintenance of organelle function. In contrast, an inability to co-ordinate organelle gene expression
Recent progress towards understanding the with changes in redox potential would be expected to function of GSH during environmental stress reduce the efficiency of energy conversion and impair quantum yield. In order to monitor and adapt to changes Responses to biotic and abiotic stresses essentially require in the environment, a number of sensory mechanisms the activation of the appropriate defences and the activabased on changes in the pool size or the ratio of the tion of mechanisms to ensure the correct partitioning and reduced and oxidized forms of electron or hydrogen supply of energy. In addition, the selective inactivation carriers have been proposed (Allen 1993a, b) . of certain cellular processes, for example, the cell cycle, may be critical for the preservation of limited energy reserves and most importantly, the limitation of heritable Linking damage at PSII to its repair: redox-regulated damage. It is clear that plants possess highly sensitive transcription and translation sensory circuits for monitoring environmental change and Photosystem II is highly susceptible to light-induced co-ordinated transduction pathways which convey this damage (photoinhibition) and breakdown of PSII core information to elicit the appropriate responses. In bacproteins occurs during photoinhibition, being most notteria, adaptive responses have evolved which act to mainably seen for D1, a particularly vulnerable component of tain redox poise and minimize the accumulation of AOS, the chloroplast. This damage may be further amplified in permitting exploitation of environmental conditions a destructive cycle of positive feedback: damage to D1 effectively whilst minimizing the destructive effects of induces changes of redox potential, themselves causing oxidation or reduction of inappropriate substrates additional damage to D1 (Ö quist et al., 1992) . At the (Demple and Amábile-Cuevas, 1991; Storz et al., 1990) .
root of this problem lies the fact that photosynthesis It has been proposed that similar redox-based sensory couples a series of temperature-independent photochemsystems underly the mechanisms by which plants monitor ical processes with temperature-dependent reactions, thus quantitative and qualitative changes in the environment in principle, photoinactivation of PSII could occur during and organize their responses to stress (Allen, 1993a, b;  any environmentally-induced imbalance between changes Garcia- Olmedo et al., 1994; Huner et al., 1996) . Recent in light energy supply and energy consumption (Huner experimental evidence which reinforces this view is et al. , 1996) . It is obviously desirable to limit this damage assessed here and the possibility is explored that the level either through dissipation of excess energy as heat in the and redox state of GSH act as cues to induce and PSII pigment bed (Horton et al., 1996) activation of co-ordinate some of the key readjustments underlying acclimation responses (Prasad et al., 1994) , activation of the physiological and developmental plasticity typical antioxidant defences ( Karpinski et al., 1997) or increased of plants.
synthesis of D1. The psbA gene encoding D1 is an obvious candidate which would exhibit redox control of gene expression. Although the predictions of Allen (1993a) New evidence for the role of glutathione in the largely focused on redox-response regulators exerting maintenance of redox poise in the chloroplast their effect through transcriptional control, the possibility Environmental stress signalling in chloroplasts: current of redox control of translation was not excluded. In fact, models redox-regulated control of psbA mRNA was the first to be demonstrated (Danon and Mayfield, 1994) ; lightThe initial effects of environmental changes which affect dependent translation of psbA was found to be controlled redox chemistry are most clearly seen in the chloroplasts by a redox-regulated, nuclear-encoded translational activand mitochondria. Here, the functions of electrochemator. Danon and Mayfield proposed a model in which istry, carbon assimilation and respiration are sequestered thioredoxin links the light reactions of photosynthesis from the cytosol, making these compartments the bioenerand the level of psbA mRNA binding to psbA mRNA getic and assimilatory interface of the cell with its environtranslation (Danon and Mayfield, 1994; Fig. 2 ). Light ment. It is perhaps not surprising that the major gene would activate the translation of psbA by changes in the products of chloroplasts and mitochondria have functions redox potential generated during photosynthesis. This which directly link the environment to electron transport regulatory scheme provides a direct link between the and redox poise since these are the first components of quantity of light absorbed by the photosystems and the the cell to experience a changing light or redox environment and their functions become rate-limiting or destructsynthesis of PSII core proteins by coupling photosynthetic Fig. 2 . Schematic representation of redox-regulated transcriptional and translational events involved in the supply of proteins for the repair of damaged PSII reaction centres and signalling from the chloroplast to the nucleus. Energy-dependent redox changes in the photosystems (PSI and PSII ) influence the phosphorylation and redox status of a 'plastid transcription kinase' (PTK ). The phosphorylated form of PTK binds to a sigma factor-like RNA polymerase (SLF ) and inhibits the transcription of the psbA (Link, 1996) . The translation of psbA mRNA is also regulated through changes in stromal redox potential. Energy transfer from PSI to thioredoxin (trx) drives the reduction of a translational activator protein, which in the reduced form binds to the 5∞ untranslated region (5∞ UTR) of psbA mRNA and promotes translation (Danon and Mayfield, 1994) . Both of these mechanisms regulate the supply of D1 protein for the replenishment of photooxidized D1 in PSII. In addition, signals emanating from or near to PSII leave the chloroplast (open horizontal arrow), and promote the transcription of cytosolic ascorbate oxidase genes. In the light ascorbate oxidase is necessary for the destruction of hydrogen peroxide (H 2 O 2 ). Regulation of the transfer of this signal from the chloroplast to the nucleus is inhibited (−) by high levels of GSH (GSH, large font) ( Karpinski et al., 1997) . In principle, under conditions of oxidative stress when Apx activity is required, GSH levels would be depleted (GSH, small font), restriction on the transfer of the chloroplast signal would be alleviated (+) and supply of Apx protein would be activated by enhanced transcription of Apx genes in the nucleus. reducing power to translation. Such a scheme elegantly activity is provided by changes in the level of GSH. Whilst the non-phosphorylated, active PTK is inhibited provides for the replacement of photo-damaged proteins such as D1, at a rate co-ordinated with light. Evidence is by GSH, the kinase activity of the phosphorylated PTK can be significantly enhanced by GSH (Link, 1996; Link now emerging that additional redox-based signalling processes are activated in chloroplasts under stress and that et al., 1997). It has been proposed that this dual control may underly processes by which chloroplast function is they employ GSH rather than thioredoxin as the redox link between light and D1 supply. A serine-threonine regulated not only in response to stress conditions, but also in the normal functioning of the chloroplast and kinase, 'plastid transcription kinase' (PTK ) has recently been identified which binds to a sigma factor-like RNA during development (Link et al., 1997) . Such mechanisms would allow the appropriate provision of gene products polymerase (SLF ) and in this bound form inhibits both DNA binding and subsequent transcription of psbA (Link according to the environmental or developmental demands. Additional downstream control of plastid gene et al., 1997; Fig. 2 ). PTK is active in its nonphosphorylated form whilst the phosphorylated form expression by the redox state of the chloroplast was also revealed recently with the discovery that GSH may control retains only minor activity. Further modulation of PTK chloroplast RNA processing by affecting the activity of a sequence-specific endoribonuclease (Liere and Link, 1997). Why two such distinctly different mechanisms have evolved to ensure the demand-driven supply of D1, one regulated by GSH and the other by thioredoxin, is not immediately obvious. This may be a reflection of the fact that GSH and thioredoxin have distinctly different redox potentials and that thioredoxin undergoes marked lightdependent changes in redox state, whilst GSH does not ( Kunert and Foyer, 1993) . A novel signalling mechanism has recently been identified which emanates from PSII under conditions of photoinhibition and which leads to the induction of cytosolic of mechanisms which act to ensure tight coregulation of ascorbate peroxidase gene expression in the nucleus the AA, GSH and NADPH pools during environmental ( Karpinski et al., 1997; Fig. 2 ). In the light, ascorbate stress. peroxidase is a key enzyme in the scavenging of H 2 O 2 and these findings are therefore of interest. It is also novel Cellular responses to GSH depletion and oxidation: regulation of NADPH homeostasis since, although it has been known for some time that photo-oxidative stress leads to the induction of nuclear For GSH to act as a redox couple in the destruction of genes encoding enzymes involved in oxidative stress AOS, an adequate supply of NADPH is necessary defences in the chloroplast (Bowler et al., 1992) , this is ( Fig. 3) . NADPH is supplied by the activity of the the first characterization of a chloroplast signal which oxidative pentose phosphate pathway (OPP) and in bacinfluences the expression of genes encoding proteins teria, yeast and mammals, mutational analyses have involved in cytosolic defences. In addition, the signal shown that the OPP is essential for survival under oxidatemanating from or near to PSII could be inhibited by ive stress (Pandolfi et al., 1995; Juhnke et al., 1996 ; Slekar GSH. The physiological importance of this GSH-inhibited et al., 1996; Storz et al., 1990) . In addition, genes encoding signalling pathway is highlighted by the finding that key enzymes in the OPP are targets for transcription under conditions of photoinhibition, when this signal factors activated in response to oxidative stress (Storz would normally be operative, exogenous GSH appliet al., 1990) and an essential regulatory component of cation enhanced the photoinhibition of photosynthesis this event in yeast is the level of GSH (Izawa et al., ( Karpinski et al., 1997 . Mutation of the zwf1 locus in yeast, which encodes G6PDH leads to methionine auxotrophy demonstrating that a crucial function of the OPP is supply of NADPH An emerging role for GSH in the regulation of GSH,
for NADPH-dependent PAPS-and sulphite reductase AA and NADPH supply during stress activities ( Thomas et al., 1991; Slekar et al., 1996) . In the mature leaves of plants, however, the major source Environmental conditions which overload the sensory or defence capacities of the cell result in serious imbalances of electrons for reduction of sulphite is probably ferredoxin, rather than NADPH, making extrapolation from in the supply and consumption of energy and an inevitable consequence is the transfer of electrons to oxygen resulting yeast to plants difficult. However, given the co-ordinated increases in the activity of the S-assimilation and GSH in the formation of AOS. AOS arising as by-products of metabolism or during biotic and abiotic stresses must be biosynthetic pathways during the responses of plants to stress it is possible that mechanisms for the provision of eliminated if metabolic disorder is to be avoided. Central to the efficient removal of AOS and the maintenance NADPH should also be similarly co-ordinated to ensure the supply and functioning of GSH with which it functions of cellular homeostasis is the ascorbic acid-glutathione cycle, comprised of three interdependent redox couples:
intimately as a redox couple ( Fig. 3) . Information on this is surprisingly scarce although increases in the activity of AA/DHA, GSH/GSSG, and NADPH/NADP ( Fig. 3) . In this review, the mass of recent data which addresses G6PDH have been measured in response to fungal elicitors ( Kombrink and Hahlbrock, 1986) . Approaches to the function and regulation of the enzymes responsible for the redox cycling of AA, GSH and NADPH (Noctor characterize flux rates in the OPP, together with data on cellular GSH and NADPH levels under stress conditions et al., 1998). are not considered. Rather, the focus is on new evidence that the level of GSH is used to sense will shed light on the dynamic effects of this pathway and its function in oxidative stress protection in plants. changes in the environment and triggers an up-regulation Recent experiments in plants have highlighted an pool, the provision of NADPH for the removal of AOS and the assimilation of sulphate would be assured, unpredicted, intriguing regulatory role for GSH as a cellular sensor in mechanisms which may act to ensure allowing the rapid restoration of the GSH pool once the stress is alleviated through lowering the kinetic restriction maintenance of the cellular NADPH pool under stress conditions and point to the strategies plants have adopted on c-ECS imposed by the supply of cysteine. Such redoxbased changes in gene expression clearly offer plants an to ensure NADPH supply for stress defences. Novel strategies designed to identify plant cDNAs which protect ability to tune their metabolism to the prevailing environmental conditions. The model described is also amenable yeast under conditions of GSH depletion or sulphydryl oxidation revealed proteins with hitherto unpredicted to experimental dissection, and the identification of the roles in plant antioxidant defence. Amongst the cDNAs redox-regulated transcription factors responsible for this isolated by this approach were isoflavonoid reductaseresponse is a clear priority. like proteins (IFR), and a f-crystallin family ( Kushnir et al., 1995; Babiychuk et al., 1995) . GSH is an essential
Regulatory interactions between the pools of glutathione metabolite in yeast (Grant et al., 1996; Grant and Dawes, and ascorbate 1996) and the proteins encoded by these cDNAs are Whilst there is no clear concensus as to the requirements therefore clearly of importance in yeast stress defences of plants on GSH for life, an absolute dependence upon under conditions in which glutathione is limiting. Their a sufficient ascorbate pool in plant stress tolerance was precise function in stress tolerance is not clear, however, recently demonstrated through the isolation of an ozoneboth the f-crystallins and IFR are implicated in the sensitive, ascorbate-deficient mutant of Arabidopsis maintenance of NADPH homeostasis. Two lines of evid- (Conklin et al., 1996) . In contrast, depletion of GSH in ence suggest they may be involved in antioxidant defences
Arabidopsis does not appear to impair ozone tolerance, in plants too. Firstly, transcription of these genes is since cad2 was not more sensitive than wild type to a induced within min of exposure to oxidative stress or in single acute dose of ozone (P Conklin, personal communresponse to diamide-mediated GSH depletion ( Kushnir ication) and cad2 is not more sensitive to pathogens (May et al., 1995; Babiychuk et al., 1995) . Secondly, another et al., 1996b) 
or the Mehler reagent methyl viologen (M IFR-like protein ( IRL) has been identified through a May, unpublished results). Further analyses of the differential display screening of sulphur-deficient maize
responses of these and new mutants to different stresses tissues (Petrucco et al., 1996) . In maize (and Arabidopsis), will provide important information concerning the relatsulphur deficiency results in depletion of GSH and the ive importance of the pool sizes of AA and GSH and the expression of IRL correlated closely with lowered levels functional and regulatory interactions between them in of GSH. Conversely, IRL gene expression was rapidly stress tolerance. This is important, since considerable down-regulated upon restoration of the GSH pool, indicmetabolic redundancy and overlap of the functions of ating that the stimulus which triggers IRL gene expression these two molecules as antioxidants is evident in animal may not be oxidative stress per se, but simply a lowering systems. AA can prevent oxidative stress in GSH-deficient of cellular thiol/disulphide ratio (Petrucco et al., 1996) . mice (Jain et al., 1992) and, conversely, exogenously The conservation of this response between two widely supplied GSH-ester delays the onset of scurvy in scorbutic divergent plant species indicates the potentially important guinea pigs (Martensson et al., 1993) . Although there is role of IFR in plants under conditions in which GSH is a lack of information concerning how the pools of AA limiting and the importance of mechanisms for the stabiland GSH function in plants when one or the other is ization of the NADPH pool under these conditions. Thus limiting, in one instance, however, it has been shown that it now seems likely that GSH levels are used as a cue in a reduction in the meristematic activity of Arabidopsis the co-ordination of mechanisms for both the supply of roots caused by GSH depletion can be alleviated by cysteine and the maintenance of the cellular NADPH exogenous supply of AA (Sanchez-Fernandez et al., 1997; pool. Co-ordination of these responses merely by lowering see later). Similarly, the recent finding that the threshold the GSH pool (which could arise through oxidation, of sensitivity of Arabidopsis to oxidative stress is not degradation, chelation, etc.) provides plants with a simple lowered by an 80% depletion of the GSH pool in cad2 mechanism to respond defensively to a wide range of implies that AA/DHA may function effectively as a redox stresses through a co-ordinated up-regulation of the capacouple in the absence of a sufficient GSH pool in plants city for GSH synthesis and its redox cycling. In physio-(M May, unpublished results). These data are in contralogical terms, the model presented in Fig. 4 makes a lot diction with the general concensus that GSH is essential of sense because it provides a direct link between the size for the regeneration of AA ( Fig. 3) . A logical extension and redox status of the GSH pool and mechanisms to of this argument would suggest a redundancy for GSH maintain it and allow it to function as a redox couple, in the removal of AOS in plants. In yeast, however, GSH during plant development and stress responses (Fig. 4) . Under stress conditions which deplete or oxidize the GSH is an essential metabolite and GSH-deficient yeast cannot Fig. 4 . Schematic representation of proposed interactions between hydrogen peroxide and GSH during interactions between an incompatible pathogen and a resistant host. Events are triggered by the recognition of pathogen-specific molecules (elicitor; grey box) by a putative receptor/NADPH oxidase complex (circled ox). A complex series of events ultimately leads to the formation of AOS, which may act to kill the pathogen, initiate cell wall cross-linking, callose deposition, the formation of phytoalexins and cell death thus effectively minimizing pathogen ingress. GSH may act to prevent phytoalexin formation. However, depletion of the GSH pool in the reacting cell by AOS would permit these events. AOS diffusing into adjacent, non-activated cells (circled ox without elicitor) would be intercepted by the cellular antioxidant defences. Depletion of the GSH pool (GSH in small font size) would allow the transduction of signals to the nucleus and genes encoding glutathione S-transferases (GST ), glutathione peroxidases (Gpx) and pathogenesis-related proteins (PR) would be transcribed. The magnitude of the transcriptional burst would be proportional to the amplitude of the GSH pool depletion.
be rescued by exogenously supplied AA (Grant et al., recently been proposed since GSH deficiency imposed by a number of different agents activated AA synthesis 1996). To accommodate the argument that regeneration of AA can occur independently of GSH, either a GSH- (Martensson and Meister, 1992) possibly through increasing the supply of UDP-glucose, a precursor of AA in independent DHAR or non-enzymic reduction of DHA must be envisaged. Alternatively, a recently described animals (Braun et al., 1996) . Whether similar mechanisms operate in plants is unknown, and characterization of the monodehydroascorbate free radical reductase in chloroplasts would permit direct reduction of MDHA, thus AA biosynthetic pathway in plants will help resolve the regulatory and functional interactions between the pools avoiding the formation of DHA. An alternative route would be the regeneration of AA directly, by electrons of AA and GSH. from photosystem I (Asada, 1994). In animals, in which DHA is reduced by protein disulphide isomerase, glutaredoxin or thioredoxin, a similar dependence on GSH
The role of GSH in mediating AOS signals for reduction of the enzyme exists ( Wells et al., 1990) .
AOS as signal molecules during biotic and abiotic stresses Recently, however, GSH-independent regeneration of AA has been rigorously demonstrated in animals (Guaiquil The possible functions of AOS as both debilitating and regulatory molecules is a subject of considerable imporet al Del Bello et al., 1994) . The discovery of a DHAR with homology to trypsin inhibitor in spinach tance in possibly all fields of biological research. Regulatory functions have been ascribed to the accumula- ( Trumper et al., 1994) indicates that novel enzymes await characterization and amongst these may be a GSHtion of AOS in the responses of plants to high light ( Karpinski et al., 1997) , drought (Dhindsa, 1991 , independent DHAR. In addition to the redox coupling between AA and GSH, a biosynthetic link in animals has Smirnoff, 1993), heavy metals (Lobréaux et al., 1995) , extremes of temperature (Prasad et al., 1994) , UV irradithe signalling role of salicylic acid (SA) during the establishment of systemic acquired resistance to pathogens ation and atmospheric pollutants ( Yalpini et al., 1994) , and mechanical stress (Legendre et al., 1993) .
indicate that one mechanism of action of SA is to inhibit catalase and ascorbate peroxidase, thereby elevating endoIn no field of plant 'AOS research' has effort been more concerted than in the field of plant-pathogen interactions.
genous H 2 O 2 ( Yang and Klessig, 1996 it is difficult to form a clear picture of events in plant of the biochemical characteristics of the mammalian stress signalling and the information to be gleaned from phagocyte burst (Apostol et al., 1989) . In addition, the current literature to a large extent adds to the confusubsequently to elicitation of this signal, resistance is sion, making rational speculation necessary for experiestablished systemically throughout the plant. The finding mental design almost impossible. A good example of this that a central component of these systemic defence mechare the often contradictory conclusions drawn as to the anisms involved further AOS production through the role of AOS in mediating the accumulation of phtoalexins selective inactivation of endogenous antioxidant defences during plant-pathogen interactions. Initial interest in the heralded a fresh wave of excitement (Chen et al., 1993) .
role of cellular redox changes in the stimulation of There is no doubt that amongst the battery of responses phytoalexin accumulation was fuelled by the demonstrawhich have evolved, AOS serve a multitude of functions tion that GSH could elicit a massive and specific actiin active disease resistance and the advent of large scale vation of the genes responsible for their biosynthesis mutant screening programmes will permit the dissection ( Wingate et al., 1988) . In direct contrast, depletion of of the pathways in which AOS mediate plant defences GSH or increases in its oxidation state were also shown (Chen et al., 1993; Jabs et al., 1996; Levine et al., 1994;  to elicit an accumulation of phytoalexins (Stossel, 1984; Mehdy, 1994) . Despite all of this activity, a number of Gustine, 1987) the level of GSH. Furthermore, artificial elevation of 1988), by far the major weight of interest has been endogenous GSH through activation of the GSH biosynfocused on the functions of AOS as signalling molecules thetic pathway did not affect phytoalexin synthesis and more recently in the initiation of host cell death ( Edwards et al., 1991) collectively indicating that GSH (Levine et al., 1994; Mehdy, 1994; Jabs et al., 1996) .
does not regulate this response. Indeed, a common feature Here, current understanding of how changes in the cellular of experiments in which a role for AOS in elicitation of redox state function in the perception of environmental defence responses is argued, is that their effects can in stress and the elicitation of plant defence responses is some, but not all cases, be mediated by GSH and in some assessed.
cases their effect can be blocked by GSH. Thus in some cases, H 2 O 2 -induced gene expression (Levine et al., 1994; The role of GSH in mediating AOS signal transduction Hérouart et al., 1993; Wingsle and Karpinski, 1996) or A signalling role for AOS is easy to envisage since the cross-linking of cell wall proteins (Bradley et al., 1992) most stable, hydrogen peroxide, carries all of the hallcan be mimicked by GSH. A puzzling question raised by marks necessary for it to fulfil this role: it accumulates these data is, how do an oxidant and an antioxidant elicit rapidly in response to specific stimuli, it is soluble and the same response both in terms of kinetics and magnireadily diffuses, it has a limited half-life, and the amplitude tude? One explanation is that H 2 O 2 from an oxidative and duration of its synthesis will be proportional to the burst stimulates GSH synthesis (May and Leaver, 1993; amplitude and duration of the stimulus. Thus arguments May et al., 1996a, b; Shi et al., 1994) and the increased that specific responses to environmental stimuli are medi-GSH may, in turn, mediate signalling effects of hydrogen ated by hydrogen peroxide can be readily supported by peroxide. Changes in the levels of GSH in cells surexperiments in which exogenous hydrogen peroxide can rounding the site of attempted pathogen ingress may be shown to mimic the effects of the stimulus (Levine participate in the defence mechanisms which are induced, and which include the expression of GSTs (Mauch and et al., 1994; Lobréaux et al., 1995) . Similarly, studies on chemistry. Thus responses to AOS will not only be dependent upon the amplitude of the AOS signal, but also upon spatial and temporal variations (cellular and organellar) in the levels and redox state of antioxidants. In addition, physiological signalling through a redox mechanism is likely to be channelled within the confines of specific subcellular compartments. A number of transcription factors have been reported which show redoxdependent changes in their ability to bind DNA. The most extensively studied examples are the factors NFk-B ( Toledano and Leonard, 1991) and AP-1, the heterodimeric Jun-Fos complex (Abate et al., 1990) and available information clearly highlights the complexity of their regulation and the sorts of problems to be expected in the interpretation of experiments designed to demonstrate AOS signalling in general. For example, peroxide enhances the activation and nuclear translocation of by sulphydryl agents ( Toledano and Leonard, 1991) or transcription of genes (thick bar) encoding proteins involved in the assimilation of sulphate and NADPH homeostasis is weak. By depletion of intracellular GSH levels (Mihm et al., 1995) consequence, the activity of the sulphate transporter (small circle) is inhibits DNA binding. Similarly, hypoxia-inducible low, sulphate influx is low (S, and thin arrow) and flux through the activation of another transcription factor, HIF-1, depends sulphur assimilation pathway is weak (small vertical arrows). Under these conditions, the pool of GSH is relatively static, since c-ECS is upon redox-sensitive stabilisation of subunits (Huang 
ment) had differential effects on glucocorticoid receptor
The size of the GSH pool would be restored to the levels found in DNA-binding activity ( Esposito et al., 1995) . Not only 'resting' cells and a return to the situation in (A) would prevail until will the type of stress inducer modify intracellular signalthe onset of a subsequent stress.
ling through perturbation of redox chemistry, but also, the concentration of the agent will be important. For Dudler, 1993; Levine et al., 1994; Jabs et al., 1996) and example, whilst administration of drugs which lead to glutathione peroxidase (Levine et al., 1994) both of which could be involved in the removal of the products of lipid severe increases in intracellular AOS and GSH depletion peroxidation which arise during incompatible plantserve as suitable agents for the elucidation of cellular pathogen interactions (May et al., 1996a) . In principle, events during oxidative stress, the addition of sub-lethal whilst elevated AOS levels may be central to the restriction doses of the same drug may lead to increases in the levels of pathogen spread, adequate GSH in surrounding cells of GSH (Shi et al., 1994) with important consequences would be necessary as an antioxidant to prevent inopporfor cellular redox poise. These approaches have allowed tune oxidative damage (Fig. 5) .
clear discrimination between oxidative stress and a variety of mechanisms whereby GSH pool modification elicit Rationalizing our understanding of AOS signalling; clues distinct responses and have served to reveal not one, but from the animal world many signalling pathways. The adoption of such approaches in plant systems is of relevance in the design Central to models in which AOS feature strongly as signal of strategies which aim to increase our understanding of molecules during defence responses is the concept that signalling will be dependent upon cellular redox stress signal transduction in plants.
The role of GSH in morphological adaptations of capacity of cells in the apical meristem of the Arabidopsis plants root based firstly on spatial mapping of the endogenous heterogeneity of GSH and, secondly, measurements of Stress and plant development the mitotic index and root growth and cell size in roots Plant development, in contrast to the situation in animals after exogenous treatment with BSO, GSH or AA is largely post-embryonic, and the starting materials for (Sánchez-Fernández et al., 1997) . Our experiments also the generation of plant form are the products of cell revealed significant plasticity in the relationship between division in meristems. Under conditions of stress, one of the trichoblast cell length and the hair it subtends in the strategies plants have adopted is to slow down growth response to alterations in intracellular redox homeostasis and, as an adaptive response, an ability to reduce cell (Sánchez-Fernández et al., 1997) . While mechanisms that division under unfavourable conditions will not only control trichoblast elongation were influenced by nonallow conservation of energy for defence purposes, but specific redox couples, root hair tip growth had a more also and crucially, will limit the risk of heritable damage. specific requirement for sulphydryl groups. The effects of The fact that plants continuously modify aspects of their GSH on Arabidopsis root development and the results of development to accommodate environmental change Kerk and Feldmann (1995) , indicate that redox couples implies the existence of sensors which monitor changes such as GSH/GSSG and AA/DHA may act as sensors in the environment and signalling pathways which transand effectors providing a direct link between environduce this information to the appropriate responses of the mental stress and morphological adaptations of plants cell cycle and plant defence mechanisms. The fact that through alterations in the patterns of cell division in the plants efficiently colonize extremely hostile environments primary root apical meristem (Sanchez-Fernandez et al., highlights the sophisticated mechanisms they have evolved 1997). These data suggest redox-based mechanisms to co-ordinate their requirements for growth with mechwhereby the root could maintain exploration of the soil anisms for survival. Whilst it is becoming increasingly with minimal hair production and cell division under clear that plants can sense stress and efficiently mobilize oxidizing conditions or capitalize on a favourable environthe appropriate defence responses, it is not at all clear ment by production of numerous long hairs. how this information is transduced to the cell cycle Already, experimental evidence is forthcoming which machinery. An important step forward which will facilitsupports the idea of stress-or redox-mediated changes in ate attempts to understand this process came recently cell division. Root growth inhibition in boron-deficient with the demonstration that biotic and abiotic stimuli or aluminium-stressed squash is believed to be the result which induce defence gene expression cause a reciprocal of impaired ascorbate metabolism (Lukaszewski and repression of cell-cycle related genes (Logemann et al., Blevins, 1996) and water stress, whilst affecting many 1995). A further important discovery was a plant tyrosine physiological processes has been shown to significantly phosphatase with mammalian and yeast homologues, reduce cortical cell division rates in maize roots (Sacks which is expressed specifically during G1 and also in et al., 1997). response to oxidative stress (Haring et al., 1995) . Both discoveries are important in their own right, but taken Redox and cell cycle progression together clearly point to changes in the redox status of Progression through the eukaryotic cell cycle is tightly the cell being amongst the events which launch the controlled by an ordered series of events, consisting of reciprocal up-regulation of defence mechanisms with a the assembly and dissassembly of cyclin/cyclin-dependent concomitant down-regulation of the cell cycle. The latter kinase complexes. The sequence of events is maintained data also point to redox events in the G1 phase in the in part by 'checkpoints', at the G 1 /S and G 2 /M transitions. plant cell cycle and indicate the potential ubiquity of G 1 is the phase of the cell cycle in which the cell is redox in the transduction of external stresses to the capable of responding to extracellular stimuli which deteractivity of the eukaryotic cell cycle since, in animals, the mine whether the cell will enter S, or enter quiescence, cellular redox state is a critical factor in the regulation of differentiation or death. the G1/S transition (Russo et al., 1995) . New evidence In our studies on the role of GSH in Arabidopsis root from a number of model systems is indicating that the development, the GSH-specific dye, monochlorobimane cellular redox status may provide a link between environwas used, coupled with confocal laser scanning micromental conditions and morphological adaptations.
scopy to determine the spatial distribution of GSH in For example, the recent demonstration that ascorbic living roots. It was shown that, whilst high levels of GSH acid participates in the spatial co-ordination of cell prolifwere associated with the epidermal and cortical initials, eration in the maize root meristem implicates redox events levels of GSH were markedly lower in the cells of the in mechanisms for progression through the cell cycle quiescent centre (QC ) which have an extended G 1 . Kerk ( Kerk and Feldmann, 1995) . With different objectives, and Feldmann (1995) had previously reported a similar, but arriving at similar conclusions, a strong correlation was found between the level of GSH and the proliferative notable depletion of AA in the maize QC and that addition of AA could stimulate cells of the QC to enter understanding how the level of GSH regulates stress responses (May and Leaver, 1993) , influences developinto the cell cycle. An association between GSH and AA mental changes ( Earnshaw and Johnson, 1985 ; Sánchez-depletion with an extended G 1 also imply that increases Fernández et al., 1997) and modulates AOS signal transin the level of GSH or AA may be necessary for the G 1 /S duction (Guo et al., 1993; Price et al., 1994) . Conversely, transition and the results of Kerk and Feldmann confirm application of GSH or agents which increase its synthesis this for AA at least. These data parallel observations in have been used to allow discrimination between the effects other systems. In animals, the perception of growth of oxidative stress per se or indirect effects through factors is dependent on the redox state of the cell (Abe modifications in the redox poise and size of the antioxidet al., 1996) and GSH may modulate the perception of ant pool during plant responses to elicitors ( Edwards these signals (Liang et al., 1989; Suthantiran et al., 1990; , iron stress (Lobréaux et al., 1995) and the Kavanagh et al., 1990) . Further roles for GSH in the transmission of chloroplast stress signals to the nucleus G 1 /S transition has been suggested by experiments which ( Karpinski et al., 1997) . The widespread adoption of showed de novo GSH synthesis was necessary for entry such approaches will not only broaden our understanding into and passage through S (Shaw and Chou, 1986;  of stress signal transduction, but will also give an indica- Atzori et al., 1994; Poot et al., 1995) . DNA synthesis tion of its dynamics. Such approaches give an idea of after proliferative stimuli also appears to be regulated by when particular processes are activated and their temporal the level of GSH (Suthantiran et al., 1990) . Indications interdependence or relevance, but it is also important to as to how GSH may function in the control of the G 1 /S know where to look. Spatial variations in GSH levels and transition came recently from the finding that a cyclin/ subcellular compartmentation will be central to their cyclin-dependent kinase activity necessary for the G 1 /S involvement in signal transduction and will add to the transition is determined by the redox state of regulatory specificity of redox changes in a given organ or even proteins (Russo et al., 1995) . An ability to block cells in within specific cell types (Sánchez-Fernández et al., 1997) . G 1 simply by lowering the level of GSH (Russo et al.,
The routine integration of cell biology techniques based 1995) reflects the situation in the Arabidopsis and maize on fluorescent probes (Coleman et al., 1996 (Coleman et al., , 1997 ) and quiescent centres, raising the possibility that redox regulaconfocal microscopy will permit the sort of progress tion of the cell cycle may well share common elements witnessed in the elucidation of the role of calcium as a between higher eukaryotes. Clearly, amongst the mechansecond messenger and will lead to a better understanding isms which link progression through the cell cycle to of how changes in spatial distribution of GSH in whole environmental conditions, redox appears to play a plants contribute to its role in physiological processes. In decisive role in the transduction of environmental stimuli addition, the application of these techniques will allow to the regulatory proteins which monitor the checkpoints.
simultaneous measurement of other cellular perturbations A likely partner in this process will be thioredoxin since in pH, and ion fluxes and will help build a three-or four it acts as a mitogen, increasing the proliferation of human dimensional image of global changes in cellular readjust-B-cell lines through a protein kinase C-dependent mechments and signal transduction cross-talk during the estabanism (Biguet et al., 1994) and participates in progression lishment of stress defence. Multiple signalling cascades through the yeast cell cycle (Muller, 1991) . Thioredoxin are activated in response to stress and cross-talk between appears to contribute to the autonomous growth of virally these pathways will not only be essential for the deployinfected cells by making them more sensitive to subment of appropriate defences, but also for the restoration optimal amounts of growth factors (Biguet et al., 1994) of cellular homeostasis after removal of the stimulus. and GSH also appears to modulate mechanisms for Calcium appears to be involved in mediating the responses the perception of mitogens (Sutanthiran et al., 1991 , 1994) . The finding that an Arabidopsis homologue interdependence of their activity and given their known of ref1 activates mammalian Jun/Fos (Babiychuk et al., interactions in plant-specific processes it may not be 1994) indicates that in plants as in animals, convergence surprising to find that they interact in the control of plant between calcium and redox-based signalling processes cell division.
exists. Mutants will also undoubtedly substantially increase our understanding of the complexity of how Future perspectives stress signal transduction is integrated. The importance of cad2-1 as a tool in understanding the function of GSH Perspectives for understanding AOS signalling in plants in plants cannot be underestimated. The fact that only Many of the tools for arriving at a rigorous understanding one allele of cad2 has so far been discovered and that of stress signal transduction are already at our disposition this allele is leaky, indicates that more severe mutations and in many cases are being applied. The use of the at this locus may be lethal, possibly indicating parallels with the situation in yeast in which GSH is indispensable GSH biosynthesis inhibitor, BSO is a powerful tool for Apostol I, Heinstein PF, Low PS. 1989. Rapid stimulation of for life (Grant and Dawes, 1996) stress and those common to many. The finding that Atzori L, Dypbukt PF, Hybbinette SS, Moldéus P, Grafstrom redox-regulated kinases (Link, 1996) 
